First-principles electronic structure calculations have been performed for defect and magnetic structures in FeCo. The compositional dependence curves both of formation energies and lattice parameters are obtained by calculations employing supercells of various sizes. The vacancy formation energies are calculated with taking into account the compositional dependence of chemical potentials. Antisite atoms compensate the deviation from the stoichiometric composition both in Fe-rich and in Co-rich FeCo. The compositional dependence of magnetic moments is well explained by the electronic structures of antisite atoms. The vacancy formation energies obtained in the present work show a better agreement with the experimental value than those previously reported.
Introduction
Intermetallic compounds with the B2 structure have attracted considerable attention as promising candidates for high-temperature materials. In addition to that, FeCo alloys possess interesting magnetic properties such as high Curie temperature and high saturation magnetization. As is the case with other alloys crystallizing in the B2 structure, FeCo exists in a wide range of compositions: from 30 to 75 at%Fe at 773 K. 1) In order to compensate the deviation from the stoichiometric composition, constitutional defects are introduced. Several properties such as lattice parameters, 2) mechanical 3) and magnetic 4) properties, therefore, show compositional dependence originating from the constitutional defects. To understand the compositional dependence of these properties, knowledge of the defects is required. First-principles calculations for defects provide not only electronic structures but also calculated values of several properties that can be directly compared with experimental values. The effective formation energies of atomic defects in FeCo were calculated by Neumayer et al. 5) using first principles pseudopotential method with supercells composed of 32 sites: a formation energy of 1.65 eV for Fe vacancy and 1.68 eV for Co vacancy in stoichiometric FeCo. On the other hand, in our investigation, an experimental value of 1.15 eV was obtained for Fe 50 Co 50 by the use of positron annihilation spectroscopy.
6) The size of supercells is one of the important factors for electronic structure calculations including defects. In our previous work, it was found that a supercell composed of 54 sites yields an overestimation of over 0.2 eV.
7) The defect formation energies obtained using supercells with 32 sites could be overestimated.
In the present paper, we have performed first-principles electronic structure calculations in order to determine the defect and magnetic structures in non-stoichiometric FeCo and defect formation energies without the overestimation error caused by the supercell size. The various sizes of supercells are employed in order to obtain the compositional dependence curves both of formation energies and free energies. The stability of the constitutional defects is evaluated by the compositional dependence curves of formation energies. The defect formation energies are obtained with taking into account the compositional dependence of chemical potentials.
Computational Method
In order to obtain the electronic structures for the constitutional defects, we employed first-principles plane-wave pseudopotential code VASP (Vienna ab initio) simulation package 8, 9) with generalized gradient approximation proposed by Perdew and Wang.
10) First, we calculated the equilibrium lattice parameter using the kinetic energy cutoff of 350 eV and a 16 Â 16 Â 16 k-mesh in the Monkhorst-Pack scheme with the unit cell including 2 atoms. Spin-polarization is taken into account. We obtained the equilibrium lattice constant of 2.8605 Å , which well reproduces the experimental values of 2.8562 Å . We estimate the stability of the constitutional defects by the formation energies of FeCo including the constitutional defects. The formation energies were calculated by subtracting the total energy of constituent elemental solids from the total energy of the compounds. In order to compare the formation energies among various chemical compositions, the formation energies were calculated using the supercells with various sizes (2 Â 2 Â 2, 3 Â 3 Â 3 and 4 Â 4 Â 4), in which the central atom was replaced by a defect and we obtained the compositional dependence curves of the formation energies. The total numbers of the lattice sites, N, in the 2 Â 2 Â 2, 3 Â 3 Â 3 and 4 Â 4 Â 4 supercells are 16, 54, and 128, respectively. The orderedstate structures for Fe-rich FeCo were found using cluster expansion method by Drautz et al.
11) The arrangement of the Fe antisite atoms in the 2 Â 2 Â 2 supercell coincides with the ordered-state structure of Fe 9 Co 7 . For the defect calculations, relaxations of the atomic positions were allowed. The equilibrium lattice parameter of the supercells including a defect was obtained by performing calculations at several volumes and fitting the universal binding energy curve of Rose et al.
12) The calculations of the 2 Â 2 Â 2 and 3 Â 3 Â 3 supercell models were done using a 6 Â 6 Â 6 kmesh, because a 6 Â 6 Â 6 k-mesh is required for the sufficient convergence of the lattice relaxation. 13) For the 4 Â 4 Â 4 supercells, a 4 Â 4 Â 4 k-mesh was employed.
The defect formation energies can be calculated using the 14) The defect energy parameters are defined as the energy difference between of the supercell including the defect and the ideal supercell of N atoms. In the case of AB compound with A atoms on the and B atoms on the sublattices,
A is the defect energy parameter for the formation of a vacancy on the sublattice and for the formation of an A antisite atom on the sublattice, respectively. In general, the concentration of the thermally excited defects is much smaller than that of the defect concentration of supercells employed in first-principles electronic structure calculations. Therefore we checked the convergence of the defect energy parameters for supercell size. Figures 1 and 2 show the defect energy parameter of Fe and Co vacancies as a function of the number of atoms in the supercells, respectively. The defect energy parameter needs to be well converged for the supercell size because there is virtually no interactions between thermal vacancies. The results indicate that the vacancy formation energies in FeCo obtained using the supercell with 32 sites 5) are overestimated by about 0.2 eV.
In order to reduce an error caused by the supercell size below 0.05 eV, supercells composed of more than 100 sites are required. In the present work, we employed the 4 Â 4 Â 4 supercells for calculating the defect energy parameters. The convergence of defect energy parameters for supercell size strongly depends on the sort of constituent atoms of alloys. Figure 3 shows the defect energy parameters of Co vacancy in CoAl, CoTi 7) and FeCo. The errors caused by supercell size in CoAl and CoTi are larger than those in FeCo. For defect energy parameters obtained using small supercells, comparisons between different alloys are not appropriate. In the case of CoTi, the lattice relaxation around vacancies induced by the charge transfer from Ti to Co atoms leads to less convergence. 7, 13) On the other hand, neighboring Al atoms around Co vacancy in CoAl does not sufficiently screen the positive charge of Co vacancy. As a result, the charge density of the second nearest Co atoms increases in order to screen it and induces the interaction between adjacent supercells. 13) The chemical potentials, , are used for the compensation of the energy of the atoms related to the defect formation. When calculating the defect formation energies of a vacancy on the sublattice and that of an A antisite atom on the sublattice,
In most of previous works, the chemical potentials are obtained using the calculated energies of fixed-size supercells. This is based on the assumption that the chemical potentials are constant with the composition. In the present work, in order to taking into account the compositional dependence of the chemical potentials, they are obtained from interceptions at 0 and 100 at%Fe/Co of the tangent lines for the interpolation curve for the energies of the 2 Â 2 Â 2, 3 Â 3 Â 3 and 4 Â 4 Â 4 supercells. Regarding the defect formation parameter of constitutional defects, the eq. (1) and (2) are not applicable because the concentration of constitutional defects is much larger than thermally excited defects. While the defect formation parameter can be calculated using a slope of the energy curve, the defect formation energy of constitutional defects 
0 denotes the equilibrium atomic volume in perfect FeCo.
Results and Discussion

Stability of constitutional defects
The formation energies of FeCo including a constitutional defect are plotted as a function of Co composition in Fig. 4 . Both in Fe-rich and Co-rich sides, the formation energies of FeCo including antisite atoms are lower than those including vacancies. This indicates that introducing of antisite atoms compensates the deviation from stoichiometric composition in FeCo. The preference of antisite atoms is expected from small difference in atomic radius between Fe and Co atoms. In the case of alloys such as CoAl in which a large difference in atomic radius exists between constituent atoms, it requires higher energy to put a larger atom on a site of smaller atoms than to form a vacancy of smaller atom. Figure 5 shows the change in normalized lattice parameters as a function of Co composition. The lattice parameters are normalized by the equilibrium lattice parameter of the stoichiometric composition. The calculated values are obtained for FeCo including antisite atoms as constitutional defects. The lattice parameter decreases with increasing Co composition because the atomic radius of Co is smaller than that of Fe. The change in experimental lattice parameters is well reproduced by the calculations.
Electronic structures
In Fig. 4 , the formation energy in the Co-rich side changes more steeply than that in the Fe-rich side does. This indicates that the Fe antisite atoms in Fe-rich side are more stable than the Co antisite in Co-rich side. In order to clarify the origin of the stability of the Fe antisite atoms, electronic structures of antisite atoms are examined using density of stats (DOS). 
Magnetic moment
The compositional dependence of magnetic moment is Table 1 . Whereas the magnetic moment of the Co antisite atom is almost the same as that of the Co atom in stoichiometric FeCo, that of the Fe antisite atom is about 0.3 B smaller than in stoichiometric FeCo. These calculated results agree well with the experimental observation. To explain the difference in the magnetic moment between the Fe and Co atoms, a comparison of the PDOS may be helpful. The difference originates from the minority spins since the majority spins are fully occupied in all the compositions. The Co and Fe antisite atoms have Co-Co bonds and Fe-Fe bonds instead of Fe-Co bonds, respectively. The interaction between Fe atoms is stronger than that between Co atoms because the size of 3d orbital contracts with increasing atomic number. In the case of the Co antisite, the occupation of antibonding states compensates the decrease in bonding 
Vacancy formation energy and volume
The calculated vacancy formation energies are shown in Fig. 9 . These energies were calculated by Neumayer et al. 5) using supercells with 32 sites: a formation energy of 1.72 eV for Fe vacancy, 1.60 eV for Co vacancy in Fe-rich FeCo, 1.57 eV for Fe vacancy and 1.75 eV for Co vacancy in Co-rich FeCo. Comparing to the previous work, the general trend of these energies is similar. Namely, the formation energy of Co vacancy is lower than that of Fe vacancy in the Fe-rich side and the hierarchy is reversed in the Co-rich side. However, all the vacancy formation energies obtained in the present work are lower by about 0.3 eV than those of the previous calculations. The decrease of energies is mainly due to reducing the overestimation error caused by the supercell size. The vacancy formation energies in the present work show a better agreement with the experimental value of 1.15 eV at Fe 50 Co 50 . 6) The compositional dependence of the vacancy formation energy appears around the stoichiometric composition. This dependence arises from the chemical potentials obtained from the energy curves calculated with the various sizes of supercells, i.e., various compositions. In Co-rich side in CoTi, the formation energy of Co vacancy is lowered than that of Ti vacancy by the composition dependence of the chemical potential. The compositional dependence appearing in FeCo is not so significant as that in CoTi.
The formation volumes of Fe and Co vacancies are 0.64 0 and 0.62 0 , respectively. Unfortunately there are no experimental and calculated results for comparison. The calculated vacancy formation volume of ferromagnetic BCCFe is 0.55 0 . 15) We plan to calculate vacancy formation volumes for other B2 alloys and clarify factors determining them.
Summary
The defect and magnetic structures and vacancy formation energies in FeCo were determined by the first-principles electronic structure calculations. Antisite atoms compensate the deviation from the stoichiometric composition both in Ferich and Co-rich sides. In particular, the antibonding states of minority spin of the Fe antisite atom appear above the Fermi level, which leads to the stability of the Fe antisite atom. The increase in bonding states of minority spin of the Fe antisite atom is responsible for the decrease in magnetic moment of Fe atom in Fe-rich side. The vacancy formation energies obtained in the present work shows a better agreement with the experimental value than those obtained using supercells with 32 sites. This is due to reducing the overestimation error caused by the supercell size and taking into account the compositional dependence of chemical potentials. 
